A cost-effective b̲ a̲ ttery-powered s̲ pectrophotometric s̲ ystem (BASS) was developed for quantitative point-of-care (POC) analysis on a microfluidic chip. By using methylene blue as a model analyte, we first compared the performance of the BASS with a commercial spectrophotometric system, and further applied the BASS for loop-mediated isothermal amplification (LAMP) detection and subsequent quantitative nucleic acid analysis which exhibited a comparable limit of detection to that of Nanodrop. Compared to the commercial spectrophotometric system, our spectrophotometric system is lower-cost, consumes less reagents, and has higher detection sensitivity. Most importantly, it does not rely on external power supplies. All these features make our spectrophotometric system highly suitable for a variety of POC analyses, such as field detection.
Introduction
Point-of-care (POC) analysis is designed to move testing out of well-equipped laboratories into other less hospitable sites. The capacity for on-site or in-field testing from POC analysis is vital for immediate and convenient human health diagnostics, food safety monitoring and environmental analysis.
1,2 A microfluidic lab-on-a-chip, with a variety of advantages such as low cost and low-reagent consumption associated with portability, miniaturization, integration and automation, offers a versatile miniaturized platform for various applications, [3] [4] [5] [6] [7] [8] [9] [10] providing great potential for POC detection. [11] [12] [13] However, this great potential is often hindered by conventional detection systems, because most of these systems are devised for cuvette-or glassware-based assays in well-equipped laboratory settings. Therefore, advances in detection systems must be made to fully exploit the advantages of lab-on-a-chip systems for POC analysis. 14, 15 Spectrophotometry, quantitative measurement of the reflection, transmission or absorption properties of a compound as a function of light wavelength, is one of the most widely used detection principles in the analysis of biological compounds, food analysis, environmental analysis, pharmaceutical analysis, etc. 16 However, commercial spectrophotometric systems are generally expensive and bulky, making them only suitable for well-equipped laboratories. Although several portable spectrophotometers have been reported recently, [17] [18] [19] most of them are cuvette-based and dependent on external AC power supplies. Most cuvette-based systems require large amounts of precious reagents and samples. However, sometimes it is hard to obtain large amounts of biological samples, such as clinical biopsy samples or trace forensic samples from crime scenes. These features make it challenging for the cuvette-based systems to perform POC analysis such as in-field disease diagnosis in low-resource settings where AC electricity is usually not available. Given the advantages of a microfluidic lab-on-achip, a portable spectrophotometer coupled with a microfluidic device could significantly reduce the reagent consumption to make it suitable for cost-effective POC bioanalysis. 20 Jiang and his colleagues integrated an optical detection unit which included commercial optical fibers and a digital fiber optical sensor on a microfluidic chip to measure the real-time absorbance of the turbidity generation from loop-mediated isothermal amplification (LAMP) for quantitative pathogen detection. 21, 22 However, two thin optical fibers (200 μm diameter core) needed to be inserted in the chip laterally and to be accurately aligned together with the sample chamber, making the whole system complicated. Because the optical fibers were fixed in the device, it was not practical to use this † Denotes these authors contribute equally to this work. a detection system for various microfluidic devices, limiting its broad application. Additionally, this detection system still relied on external AC power supplies. These limitations hinder its application for POC analysis in low-resource settings. Therefore, to address these problems above, we developed a low-cost b̲ a̲ ttery-powered s̲ pectrophotometric s̲ ystem (BASS) coupled with a microfluidic chip for POC analysis. We first investigated and compared the performance of the BASS with a commercial spectrophotometric system using methylene blue as a model analyte. Our spectrophotometric system not only required smaller amounts of samples, but also exhibited higher detection sensitivity than the commercial spectrophotometric system. We further applied the BASS for on-chip LAMP detection of meningitis and subsequent quantitative nucleic acid analysis, demonstrating another application of the BASS for rapid diagnosis of infectious diseases which often occurred in highpoverty nations and regions. Importantly, whole assays were completed without relying on any external power supplies.
Experimental section

Chemicals and materials
Methylene blue was purchased from Sigma (St Louis, MO). The LAMP reaction mixture contained 20 mM Tris-HCl ( pH 8. . LAMP DNA amplification kits were purchased from Eiken Co. Ltd, Japan. DNA isolation kits and LAMP product purification kits were purchased from Qiagen (Valencia, CA). LAMP products were collected and purified for concentration measurement of the nucleic acids by using Nanodrop (Nanodrop 1000, Thermo Scientific, MA). Unless stated otherwise, all solutions were prepared with ultrapure Milli-Q water (18.2 MΩ cm) from a Millipore Milli-Q system (Bedford, MA).
The chip substrate poly(methyl methacrylate) (PMMA) was purchased from McMaster-Carr (Los Angeles, CA). The absorbance detector of Red Tide USB 650, EcoVis lamp and optical fibers were purchased from Ocean Optics (Dunedin, Florida). The red LED light was purchased from Weller (Apex, NC). The dark box (10 × 10 × 6 cm) and the heater control holder were 3D printed using a 3D printer purchased from MakerBot Industries (Brooklyn, NY).
Experimental design and setup
The setup of the battery-powered spectrophotometric system is shown in Fig. 1 . The whole system consists of a LED light source, a microfluidic device, a device holder, optical fibers, a detector and a laptop computer. The light source and related circuits were assembled in the bottom chamber of the 3D printed dark box, while the top chamber of the dark box was designed to hold a microfluidic device. Details of the dark box will be discussed in the Results and discussion section. After the light emitted from the LED light passes through a sample in the microfluidic chip, the transmitted light will be sent to the detector via optical fibers. Absorbance data will be sent to the computer through a USB cable, and recorded by using the software Ocean View installed in a laptop. All the components including the heater controller are fully battery-powered, and do not require external AC power supplies.
A similar commercial spectrophotometric system (Ocean Optics) using an EcoVis lamp as the light source was used to compare the performance of our spectrophotometric system. The EcoVis lamp's light was attenuated by using a 16 neutral density filter to make it suitable for the detector.
Chip design and fabrication
The layout of a simple microfluidic PMMA chip used in the BASS is shown in Fig. 2A . The microfluidic chip comprises three layers. All these three layers have corresponding pinholes to fix the microfluidic chip and allow aligning the detection zone of the chip and optical fibers with a LED light (e.g., 650 nm red light) underneath (e.g., 650 nm red light). In addition, the top two layers contain inlets and outlets and the middle layer contains microchannels for reagent introduction. All the features including the pin-holes, inlets, outlets, detection wells (diameter 3 mm) and microchannels (width 300 μm; depth 300 μm) were directly laser ablated by using a laser cutter (Epilog Zing 16, Golden, CO) within minutes, and then different layers were bonded together after heating in an oven at 120°C for 30 min. Fig. 2B shows a photograph of the microfluidic chip and 2.5 mL microcentrifuge tubes filled with different concentrations of methylene blue solutions which were used to evaluate the performance between the commercial cuvette-based spectrometric system and the BASS.
LAMP detection procedures
In order to explore the relationship between the DNA concentrations from the LAMP amplicon with the signal from the BASS, after the LAMP reaction, we collected the amplicon and made a series of dilutions. The nucleic acid concentrations of the standard LAMP products were measured by using Nanodrop. Meanwhile, the corresponding absorbance signals from each dilution were measured using the BASS.
Results and discussion
Methylene blue measurement using a commercial spectrophotometric system A commercial spectrophotometric system was also used to compare the performance with the BASS. The setup of the commercial spectrophotometric system is shown in Fig. 3A . The commercial spectrophotometric system uses a commercial EcoVis lamp (∼$600) as the light source which requires external AC power supplies. The EcoVis lamp has a holder (Fig. 3A) , but it is only compatible to cuvettes and not suitable for microfluidic devices. In addition, a relatively large amount of samples (at least 0.8 mL) is required to perform an assay for the cuvette-based systems. These features hinder its applications for POC analysis.
Methylene blue, a heterocyclic aromatic chemical compound, has been widely used in biology, chemistry and health science as a staining agent. It is also used to treat methemoglobinemia as a pharmaceutical drug. 23, 24 Therefore, we first used methylene blue as a model analyte to demonstrate the colorimetric bioassay, and to compare the performance of our system with the commercial system. We first conducted the detection of different concentrations of methylene blue using the commercial spectrophotometric system. Fig. 3B shows the calibration curve plotted by using absorbance versus various concentrations of methylene blue ranging from to 0 to 50.0 μM. With the increase of the methylene blue concentration, stronger absorbance was observed. A linear calibration curve was established between the absorbance and methylene blue concentration, with the square of the correlation coefficient (R 2 ) of 0.9985. The limit of detection (LOD) of methylene blue was calculated to be 0.59 μM on the basis of the 3-fold standard deviations of the negative control signal.
Battery-powered spectrophotometric system Fig. 1 shows the setup of the BASS. Since the EcoVis lamp requires external power supplies and is not suitable for microfluidic devices, we developed a dark box, a major difference between these two systems, to address these issues for broader POC applications, as shown in Fig. 4 . The portable dark box (10 × 10 × 6 cm) has two chambers, with the top chamber serving as a microfluidic device holder and the bottom chamber containing a LED light and related circuits as the light source. As can be seen in Fig. 4A and B, a cover (i.e. cap) was 3D-printed to provide access to inside of the dark box. During an assay, the cover was closed to ensure darkness inside, eliminating interference from the environment (no cover for the commercial EcoVis lamp). On the ceiling of the top chamber, an optical fiber connector was fixed to connect the optical fiber, and two pin-holes were designed to align the optical fiber and the detection well of the microfluidic chip with the LED light underneath the top chamber. The pin-hole design is significant for broad applications, because it makes the spectrophotometric system 'universal', and readily adapted for various designs of microfluidic devices.
In the bottom chamber, a LED light (e.g., 650 nm red light) which can be easily changed to meet the requirement of a number of compounds serves as the light source for the spectrophotometric system, as shown in Fig. 4B . An easy-to-use switch is designed for turning the LED light on/off (Fig. 4A) . The bottom chamber of the dark box also features a circuit (see Fig. 4C ) that provides a steady output voltage of 1.7 V, when a 9.0 V battery is used as the power source. It was observed that the output voltage decreased quickly in the absence of a voltage regulator. In order to adjust and have a stable voltage output from the 9 V battery, a 5 V voltage regulator was applied to the circuit along with two capacitors (0.33 μF and 0.1 μF) and a 1000 Ω resistor to acquire a constant voltage output of 1.7 V for the LED light. Fig. 4D shows the steady voltage output after the addition of the voltage regulator in the circuit. This stable voltage minimized systematic variations, allowing for accurate measurement. During an assay, light emitted from the battery-powered LED light passes through the sample in the detection zone of the microfluidic chip and gets absorbed. The transmitted light is sent to the detector via the optical fiber, while the detector is connected to a laptop computer through a USB cable, without using any external supplies.
Different components were assembled through 3D printing, with a user-friendly interface. The total material cost of the dark box was estimated to be less than $18, which was much lower compared to the commercial external AC electricitypowered and cuvette-based EcoVis lamp (∼$600). Most importantly, the spectrophotometric system is portable and fully battery-powered, which is a desirable trait in the evolving market of spectrophotometry for on-site or in-field testing where AC electricity is commonly not available.
Performance of the battery-powered spectrophotometric system
We then measured various concentrations of methylene blue using the BASS to evaluate its performance. As shown in Fig. 5 , a similar linear calibration curve was observed between the absorbance and the concentration of methylene blue in the experimental range (0 to 100.0 μM), with the square of the correlation coefficient (R 2 ) of 0.9987. The LOD was calculated to be as low as 0.10 μM on the basis of the 3-fold standard deviations of the negative control signal. This indicates that the BASS is more sensitive than the commercial spectrophotometric system (LOD 0.59 μM). Given that the optical path of the microfluidic chip is only 1.5 mm while the optical path of the cuvette is 1.0 cm, detection sensitivity could be improved by at least one order of magnitude (∼30 folds herein) when using the same optical path. Along with the impressive performance from our portable spectrophotometric system, the spectrophotometric system can perform POC analysis on a microfluidic chip with only a tiny amount of sample needed (∼10 μL per assay). Compared to the commercial cuvette-based spectrophotometric system which requires at least 0.8 mL reagent for one assay, our microfluidic chip-based spectrophotometric system significantly reduces the reagent consumption.
LAMP detection and subsequent quantitative DNA analysis using the BASS
We further explored the potential application of the BASS by performing DNA-based high-sensitivity pathogen detection through LAMP. LAMP is a simple, rapid, specific and costeffective nucleic acid amplification method that allows the target DNA sequence amplified at a constant temperature of 60-65°C. 25 Avoiding the use of expensive equipment (e.g.
thermal cyclers) for stringent thermal cycling, LAMP is more compatible with microfluidic chips without complicated and costly microfabrication of heating elements and temperature sensors, and has great potential for POC disease diagnosis. 6, 21, [26] [27] [28] [29] We performed the on-chip LAMP for detection of the main meningitis-causing bacterium, Neisseria meningitidis, which can be fatal in as little as 24 hours after symptoms are noticed and has a high incidence rate in high-poverty areas. 30 Therefore, a simple, low-cost, highly-sensitive POC analysis is in great need for immediate diagnosis of meningitis. The on-chip LAMP was heated at 63°C for 45 min by using either a portable-battery-powered heater with an inexpensive proportionalintegral-derivative (PID)-based temperature controller devised by our laboratory or a water bath. During the LAMP process, a byproduct of magnesium pyrophosphate precipitate is formed when the targeted DNA is present. Therefore, the presence of the magnesium pyrophosphate precipitate can serve as an indicator of the presence of the target pathogen's DNA by turbidity tests. However, it is challenging to use turbidity testing for high-sensitivity visual detection. Fig. 6A shows the turbidity visual detection both in microcentrifuge tubes and the microfluidic chip. It showed that the turbidity difference between the positive control (PC) and negative control (NC) could be distinguished in the tubes, but could barely be distinguished in the microfluidic chip even at the highest concentration without any dilution (the detection well with PC) which was mainly due to a shorter optical path length from the microfluidic device. However, nucleic acid samples are usually limited, a challenge for a cuvette-based spectrophotometric system due to its requirement for a large amount of reagents.
To address these issues, we performed sensitive LAMP detection and subsequent quantitative nucleic acid quantification on a chip using our portable BASS based on turbidity testing at 650 nm. The LAMP products were tested on the microfluidic device and their corresponding absorbance signals were recorded. Excitingly, a clear difference between the LAMP amplicon and the negative control on the microfluidic device was observed (Fig. 6B) , even though the optical path length from the microfluidic device was short and only 10 µL of samples were needed. We further made a series of dilutions from the LAMP amplicons to study the relationship between the DNA concentration and absorbance at 650 nm. It was interesting to find that, with the increase of nucleic acid concentration, stronger absorbance signals were observed. Fig. 6B shows a linear calibration curve plotted by using the corresponding absorbance signals versus various concentrations of nucleic acids from the LAMP products ranging from 0 to 750.0 ng μL −1 , with an R 2 of 0.9968. Compared to the absorbance signal of the negative control, even 50.0 ng μL −1 of nucleic acids showed well distinguishable absorbance signals. The LOD of nucleic acids was calculated to be as low as 15.3 ng μL −1 on the basis of the 3-fold standard deviations of the negative control signal, which was ∼50 folds lower than the nucleic acid concentration of the undiluted LAMP products. This also indicates the detection sensitivity of our spectrophotometric system approaching to that of Nanodrop which has a LOD of ∼2.5 ng μL −1 , 31 whereas the Nanodrop may cost more than $10 000! Therefore, the BASS is capable of achieving highsensitivity LAMP detection and subsequent quantitative nucleic acid analysis under low-resource settings (e.g. without AC electricity). 
